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(54) Phese-controst x-ray CT apparatus 

(57) A pliase-contrast X-ray CT apparatus is pro- 
vided wifli an x-ray source (7) ior generating an X-ray 
beam (8), a crystal (9; 21) for generating a dmracted 
laeain (IQa) by b rariialion with the X-ray beam, an object 
aranging section provided in the diredkwi of propaga- 
tion the diffracted beam so that ft is rotatabSe rebtive 
to fhe diffracted beam, an analyzer crystal (i i: 22) for 
receiving a beam tiarsmrtted ttirough the object arcang- 
ing section to extract only a sp^fied reftBction angle 
componerrt. and a sensor (6) tor detecting a beam 
extracted by the analyzo- crystal. 



FIG 2. 
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Daacription 

BACKGROUND OF THE INVEWTION 

The present invention refates to non-destructive and tnre&<fimen€ional obsei vation of the inside of an object leinp 
X-rays, and more particudai ly to such oteavation for an object made of light elemente to which the conventional msfriod 
I dying on absorption contrast tes a poor sensititfitv. The present invention is applirable to inspection aistrum^s foi 
organic imtei ials or medical diagnoas apparatuses. 

In the oonventional X-ray transnfesion iiraging system, the contrast of an obtained imge d^enris upon the 
degi ee of absorption ot X-iays by an object Namdy. if there is a region vvhere heavy elements with high X-ray 
absoipiance are derwe. mat poi tion exhibits a tow tiansmittance and can be caught b& a sl^ow m a iiraQS. Revei sely, 
an organic mallei- made of fight elements Is trar^rent to X-rays and is theiefore difficull to olMain an image ocjntrasl. 
Accordnigly tha e m employed a method in which the contrast is emphasized by injecting heavy elements as a tsontrast 
agent in order to observe biological soft tisojes (such as internal organs, tumors, or blood vessels), for example, when 
an X-ray cross section image for medical diagnosis is to t>e aociuired- l-lawewer. it is not always thai the contrasting (or 
errwhasizing) technique can be applied to all of obseivation locatiooie to be investigated. Ateo^ there may be the case 
where the contra^g process gives a bad inlliience on the body. The above problem conceming the inrage contrast 
exists simHai ly evai in X-ray CT (Gomputerized Tomogiaphy) whicti is a three-dimensional ireide cAjseiving technique. 

On the other hand, there is an imaging m^od which depends upon not the atewption of X-rays but phase con- 
trast Since the X-ray pr^se shift cross section lor light elements is about one-thousand times as large as flie interaction 
cross section of X-ray absorption, the use of the ptese^bast imagir^ method enables observation wifli an exceltenl 
senstivity which Is one^housand times as high as that in the conv^tioral inmging method. This ^ows that biotogi^l 
soft tissues can fie observed writficut bang sutqected to a specific contrasting process. Tbis is experimentally testified. 
Also, even If a contrast agent is used, the choice of a wider variety of contrast agents and contrasting lechrwiues is pos- 
sfljie. This taciittates to cope with specified purposes such as function imaging. 

AS a technique much relevant to the present invention, there has been devised a phase-oonlrast X-rair CT appara- 
tus in wf^ch phase contiBSt is introduced to the X-ray CT enabfing threeKdimensional observation. The system con- 
struction ther«)f is disclosed by U S Pal^t l^k? 5,173.923 to A. Momose e* aL. and the exan?jles of observat^ o^ 
bioiogical tissue© are cSsctosed by A r^omose. et al , ReV. Sci instrum. 66 0595) 1434. According to the dsclosed 
technique an X-ray interferometer is used to reoonstruct an image in a virtual cross section from interference patterns^ 
The axairiiles of observation are shown for an object having a diameter of several milBmrfeis. However, the disclosed 
technique reacties no practisation to medical diagnosis. 

SUWIMAFCY OF THE INVEtvITtON 

An c&nt^ of the pi'esent invention is to provide a phase^trast X-ray CT with a simple system which us^ no X- 
lay irtterf^ometer. The above-mentioned system using the X-ray interf&ometer f^s a probaan (1) that ir^ order to 
ensure coherency, the ena gy band of an X iay beam must be nanowed to obtain a high mDnochramatraty and hence 
a blight Bghl scuace such as synchiolron radiation must be used, a problem (2) ttet a pi ecision optical system is 
required and it e therefore difficult to tencfle the system, and a proWan (3) that a technique for ensunng a wide field of 
view counterbalancing the practical use is not estabfietied. 

TTie X-ray CT based on phase contrast requires the pt^ distriJxition of X-i aye as input data, in the above-men- 
tioned method using the X-ray inta ferometa; the phase cfistrasution is aoqun by an operation from mtaterence pat- 
tans. In a technfe^ue of the present invention, on the other ^^d. no X-ray interferometer is ised and the phase 
drstrfbu^on t$ det^mined by the fdlowing method 

Namdy. as shown in Fig. 1. an ot^i^H is irradiated with X-rays 2. It feassumal that the object 1 does no* exh tort 
etrong X-ray absorption (hiiage oontraet is not created from absorption.) and transnntted X-rays3 aie c^ned. It is also 
assumed that due to a phase shift caused by the ol^a:t 1, tha wavefimt 2' of Xnays 2 {h^ein assumed as a plane 
wave for simptidtjf) (^Hnges. as shown by wavcfront y of X-rays 3. Since the phase shift «x) corresponds to tfie 
amount of change in wavefront form, the m^airemenl of the phase shift <> (x) corresponds to the meaairement of the 
wavsfronl form. TTia foUovwng cfiscu^on win be made with an attention to the wavefront fiarm on en x-axisfor amplicity 
hut virillt>e expanded to a cfiBOiBsion on an x-y plane later on. 

H Ihe intaisity dfetnTDUtion of X-rays is wily measured, infomnation concerning the wavefronl fann (or phase inlor- 
mation) is kwt. In fiie abov^ mentioned m^hod using the X^ interferometer, the wavefront fomi is determined frwn 
an mterterence pattsm generated by superimposing reter^ce X-rays on X-rays tw^mittBd through an object, in the 
present Invenfion. on the other Iwd. an ai^er aystat 4 (see Fig. 1) is used to determsie the tt^avefront form. Snce 
an X-ray beam propa^les in a direction nonrial to the wai-efronl thereof, a bend of the wavefronl as shown in F^. 1 
may be understood as a change in piopagation direction by the refraction of the beam, hi the rase erf Rg. 1 . *^«^™re. 
the propagafon direction b dekalefy <fil«erent at points ^ B and C in accordance with the gradienls of the wavefrom. 
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Now assume ttel the analyzer crystal 4 is set so that an biddence angle for X-rays at the ponit A satisfies the Bragg 
difrraceon concfllion it is also as^med thai the drffracCon index of the analyzer crystal 4 is selected to provide a suffi- 
ciently nai rowcBffiaction angle width and X rays at the points B and C are nol reflected by the anaJyzer cryslal 4. m fliis 
case only X-rays at the point A and X-rays subsiantially paralld theieto will be detected at the position of an X-ray 
imaee sensor 6. Namely, the analyser a ystal 4 has a function of setectirtg only a cei tain ©pedlied gracfient portion of 
thewavefront 3'. The foregoing diBCUSSion is desciibed by WO "IMPROVED X-RAY OPTICS, ESPECIALLY 

FOR PHASE COlsfTRAST IIWIAQIWQ". Howewa-. this reference is alent aboul a m^hori for determining the phase dfe- 
trbutioa Accoitfinely. a new invention musl be added foi connbination with the technique of X riay CT. In the pr^ent 
invention, the phase disti'ibuton is determinai as foQows. 

PiwidaJ ffiat the refraction angle o of the beam and a phase shift 4» caused by the object 1. satisfies the rdation of 



0) 



where ?l is the \wav^engih of X-ray& Rom ecjuation (1), there i& obtained 



f2) 
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Namdy it is indicat«l that * can be determined by exaininbig the refraction angle 6 at earfi point a of an bnage and 
integrating 0 with respect to x. This is a phase distribution which is to be determined Thus, the distribution of refrartion 
angles is determined in such a manner thai the analyzer crystal 4 fe adapted to rotate around a certain rotation a»s 5 
at a high preciston to record the ^Sffractton intensity by the X-ray image sensor 6 plural times while changing fiie setting 
angte of the analyzer a-ystal 4 and the setting angle providing the maximum cfifhiaction intensity .s examined foi* each 
pixel. AS shown by equation (2). a phase datrftxjtion is determined txy int^rating the obtained (Effraction distribution. 
Also it is posaWe to det^mine the zero point of at a portion where there is no ofl^ect in the image- 
Since the refradion angle of X-rays is of order several seconds at the largest the blur of the irrrage caused by the 
refraction is severaMen e^nlf a distance between the object and the Xn-ay image sensoi- is of ordei' 1 m. Accord- 
ingly H inwge cbservatiOBi with a nrore coarse ^ial resolution than ttrat is premised, there is no praWem. 

In order to reoaistnjct a CT iiraga t!ie intact use of the conventional algoi ithm is possible for <|» m a pfluralily of pro- 
jection diiections collsrted by lutattng ^e ok^ect or by rotating the X-fay source, the analyzei cryslRl and the X-ray 
image sensor In an Integral manner. 

wexl, the discission will be shown in cor^unction with the case where the ii«avefionl is considered as being in two 
dimensions. The retiaction angle o at each poim can be r^asenied by 



(a) 



40 01 in two refraction dn actions which are orthogoral to each otha. The i elraction angles in the two directions can be writ- 
ten, lespectively, as 



> (4) 



Namely, 
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are also ^isfied. Aocoitfingly. t^Kd at least one erf 6^ and ey is knowri, aiff ices in oirlei to determine ^i. Therefore, the 
analyzer crysial 4 rray be scanned ir atherMxis dffection or y^is direction. Wow assume that the rotation axis of the 
analyzer ayslal 4 is parallel to tlie y axfe and the refraction angle in the x^is direction m eurannined. Since the refrac- 
tion in the y-axe dnection at this time gives little inftuence on ihecfitfraction conditian of the araiyzer crystal 4. il is pos- 
sble to deteimine fl^ independently. The cfifference trf the present invention from the known phase-contra^ X-ray CT 
lies in that a system for deteimining data ^ inputted to a CT image reconstmction algorithm is facilitated, thereby 
improving the piactic^lrty In o^ier words, the present invention provides a meril that there is not needed an X-ray 
interferometer wWch is difficult to fabricate and tendle, a merit ttat a thick Xh^ beam tan be teed. Iherdw making it 
possiWe to ensure a wide field of view, and a merit that it is possible to structure a relatively bright opfical system. 
NaiTtely, the piesent has featurea which ai e advantageous when viewed fiom inecfical appBcaiionB 

The preciaoji of p^ase determination depends upon the preciaon of refraction angle dsterminalton. The refraction 
angle of order 0 01 seconds is regarded as bemg a dnection limit in the present invention If an X-ray interfaometer is 
used so that a beam having a similar ref racfion angle is subjected to interference wi^ a reference X-ray beam, interfer- 
ence fringe are generated at the intervals of about 2 mm with X rays of about l A. Even in the case wh^e «ie refrac 
tion is more gentle, the interterence fringes can be detected easily since the intervals of interference fringes are 
e«panded. Namely, it can be said that for weak refisction. ihe use of the X-nay interferometer offers a high sensitivity 
lalhw than not. Revasely, in the case wh«ethe refraction becomes teirge. the inta-vals of interference fringes are nar- 
rowed and the visibility of interf^ence fringes is det^iorated as the intervab of interference gets near the spatial reso- 
lution of the X-ray irrrage sereor. Of course. Interference fringe having the intervals narrower t>ian the spatial resolution 
cannot be c*etect9d. In the technique of the present invenfion, on fhe other hand. I argei'refracti on is detected mwe eas- 
ily. Namely, it can be said that the present invention and the phase-oonlrBet X-ray CT using the X-ray inleiferometar are 
not necessarily competitive tecMniquec but are different in advantageous serwitivity region. The technique accorxling to 
the present invention can be re^ed as an invention to obtain image in a ^nsitivity region which is intermsdHle 
between triree of the conventional X-ray CT relying on absorption contrast and the phase-contrast X-ray CT ising the 
X-ray inteiFenometei- 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig, 1 is a diagram for explaining the principle erf a method for deta-mination of a pfiase ^ift generated l^y trarBmit- 
ting X-rays through an object; 

Fig. 2 is a system cSagram according to a f b'st ^bodim^t of the pi'esent inv^tion; 

Fig. 3 shows the sitifirtion o* diffraction in the case where a crystal surtace and a crystal tatfice pflane a»'e inclined 
with I aspect Id each other; 
Fig. 4 is a flow ct^ of measuremenl; 

Fig. 5A is a flow chart in the case wh&e an Initial phase valye fe oon^ected: 
Fig. SB is anoth^ flow chart in the case where the initfeil phase value is con*ect€Ct aid 
Fig. 6 is a system cBagram accofding to a second entoCmerrt of the present bivention. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Emtsodim^ts of the present invention vwB now be eyplained using the accompanying draitfings. 
(Errfbodlmenl 1) 

Rg 2 shoiffs the oonstaictlon of a first amtxxJiment of the present inwlioa A crystal 9 cut nom a good ^quality per- 
fect crystal ingot such as aBccn is Irradiated with an X-ray beam 8 obtained fiom an X-ray source 7. X-rays with a spec- 
ified eneroy band saifefyKig the diffraction conditon tor a lattice plane 9r (see Fig. 3) inctin^J vwth respect to the surface 
of (he crystal 9 generate a dif frK;leri beam 10a A feature as shcvvn in Fig 3 is known about the asyrrmetrical reflection 
of X-rays by flie crystal- Namely, provided that the crystal lattice plane 9* of the crystal 9 is «dined by an aigte a with 
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resp^ to *ie crystal surface, as diown in Fig. 3, the asymmetry factor b can be defined by 

_ sin(e 

Thevridthofthe beam comee to 1/btirr«BaiidthecfiTOrgence angle of tte beam »hJ'wo ^^i- 

Namdy. as the value of a is nearer to thie Bragg angle 65. the beam mdfh b expanded and the divergence angle of ^e 
cSirracled beam becomes anallerto appraximate a plane wave. Accordingly, the crystal 9 has not only a monochrama 
tizing function of BmitiinQ the energy band width of the diffracted beam bul also a funcSon off enlarging the cross section 
of me beam and a furwtion of collinwuing the diffracted beam (or approximating it to a plane wavej. 

Only that component of a beam 10b InansinittEd through the object 1 and aikqected to phase ehift [or lefraclion). 
which has a specified refraction angle, is extracted by an analyzer crystal 1 1 as a beam 10c The analyzer crystal 11 
utiBzes asymmetrical diffraction as in the crystal 9 bul has two reflection iaces (1 la and lib) in an monolithic block. 
Also, the cfifiraceon faces of the crystal 9 and the analyzer 1 1 are approximately parallel to each other. This is because 
sirtce the odliiYiation in the x-axte cfirection ie made by the crystal 9 but the beam divergence from the X-ray source 7 
reneins in the y-axis direction as it is. there is yielded a dsarivantage in the aspect of precision even if the detennii^a- 
tion o* the rebaction angle Is t ied with the rotation hi the y-axis direction n'rade taking the x-asis of the arralyzer 1 1 as 
a rotation axis. Furlher, the inddent path of X-rays to the crystal 1 la is reverse to that to the crystal 9 In order to provide 
a high senst^vity wn to slight refraction However, since fhe spatial width of the diffracted beam lOc becomes narrow, 
the beam is diffracted by the crystal 1 lb again (in a mannei ^milar to tl^ t>y the crystal 9) for restoration to the 01 iginal 
beam width. The crystal 1 1 is fi^ffid on a rotation taUe 12 and is rotataWe, aiound apoint IStaken as a sJiporting point 
at a high precsion. by a shaft 19 which a parallel displMement mechanian 18 using a linear motor, pieroetectric de- 
ment or the Dke push^. ^^^^ 
A beam i Od passed through the analyzer cryst^ 1 1 is detected by the x-ray image sensor 6 and the detected data 
(or drffiadion intensity) is stored into an Image memory 1 4 each lime the analyzer crystal 1 1 is set to a specified angle. 
In an image processor 16. the settir^ ar©le of the analyzer crystal 1 1 providing the maximum intensity is determined 
lor each pixel off the X-ray image sensor 6 and 0{x) is det^nnined in accordance with equation (4). Since the integrated 
tor m of ex) is a ph^a cfistribulion imafije <|i()e}. the iTOse processor 1 6 can detennine Wx) by operation (The x^is and 
y-axis a? e defined as shown in Fig. 2.) 

By rotaltna a table 17 for the object ai ound an axfe 20 for the purpose of CT scan, the phase can be defarmined in 
a plurality of projection directions. The lotation of the object 1 and the rotaticsn of flie analyzer crystal 1 1 are made using 
a controlla^ 15 which can be drivai u^ synchronian with the iirage procesBor 16. An equivalwil scan can al«> be pa - 
formed by rotating the X-ray source 7. fhe crystal 9. the analyzer crystal 1 1 and the X-ray image sensor 6 around the 
ax© 20 in a eynchronovs rtianrier with the object being kept stalionai y- Thus, a phase disti'ft}u*on image m each pipjec- 
tion direction is acquired. A ptese-contrast X-ray CT imase can be recor«truct«j by inputting the acquired data to a 
general X-ray CT algorithm. When the X-ray image €en«>r 6 ie a twcwlimen^onal censor, threeKJimensiorral obeeiva- 
tion becomes poaeWe since CT images in a ^ries oi plmal ptanes paralle! to the drawing rfie^ surface can be recon- 
structed in accordance with the above method. 

Fig 4 shows a flow chart of a series of measurement procedures. The fkw starts fiom step 41. The analyzer is 
scanned fstep 42). a refraction angle distrftjution 0 is determined (st^ 43), a phase shift cfetrftiuiion ^ is calculated 
fetep 44) and the object is rotated by one step (step 45). In step 46. the judg^nenl is made ae to whetha- or not flie 
total rotation angle of the dtqecl is 1 80». If the result of judgem^t in st^ 46 fa "NO", the flow returns to ^ 42 If fhe 
result of judganenl in step 46 fe "YES-, a CT image is reconstnicted (step 47) and dfeplayed (st^ 48). The series of 
measur^ent procedures are completed by step 49- Though the present invention utilizes the b^d of X-rays by reffrac 
tion. appioximaiion is assigned so that image blur caused by the baid is substantially n^ligible. Accord ingl>^ the object 
fa scanned by 180" and data of the ranaining half roind can use an invated veraon of data off the first f^ round. Of 
couse. if it does not matte ttet the scanning time is doubled, the scan ova 360- may be cQnriiK;ted having a pi^ • 
ence tor Ih e i mprovan^t of imag e quality. 

Also it cannot be sad posifively that the beam 1 0a is a plane wave strictty- AoOTdingly. it is nectary to examine 
the initial* wai/efront form (or initial phase value) of the beam 10a by scanning the analyzer 1 1 befbrehar^j m a state m 
wWch tha e fa no object A ptrase shift cau^ by an object corresponds to an amount by which a wavslront formdetei - 
ironed with the object inserted changes from the biltial wau^ront fonn. Theie are a method in whidi phase shifts 4 
before and after the insertion o# an object are determinK* to produce a cBf lerence therebetween, and a method in which 
a differs in refractwn angle <*strt*Jtion fa first dsterrrwied to integrate the ditfarence. Flo«^ charts (of only the corre- 
spcmding porttons) in the respective oases are sfwwn in Rgs. 5 A and 5B. 

in the method shown in Fig. 5A. the arwJyzer is sinned (step 51). a refraction angle cistrtjution Oq determined 
(step 52) and a phase shift distiibiifion <fe fa calculated (step S3). The ^fla^, an c^&A fa inserted (step 54), the object 
fa scanned by the analyze (step 55). a rrfraction as^e di^ribution 83 is d^emiined 56). a phase shift dfetribubon 
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i€ calculated (step 57) and «J = *s - (|>o determined (step 5B). 
In the m^od ^own in Rg. SB, the analyzer ie ©canned (et^ 61). a refraction angle disti-ibubon is deteimmed 
(sta> 62) and an object is insertBd (st^ 63) Tliereafter. the object is scanned by the analyzer (step 64). a reiiHction 
angle distribution Os is determined (step 6S). O5 * Oq is determined (step 66) and a pl^ shift distribution ^ 15 calCLi^ 
5 lated (stepGT). 

(Errtbccfiment 2) 

In the firct errtocdiment, the used analyzer crystal t^s the monolithic configuration of two ^rfaces which are 
TO incfined with r^ped to a crystaJ ialfice plane. In this case, since <fiffiaction is caused t««ica there is seme amount d 
lose in intensity unta the beam reaches the in^ige sensor. In a s«»nd errtbodim^l of the pi eseni invention, there is 
used an analyzer crystal wNch relies on higher -order diffraction and a high angular resolution. In this analyze- ca-ye- 
tal. the diffraction is caused once. 

The construction of the second embocfimert is shown in Rg. 6. Crystals 21 and 22 are different from the aystels 
75 in the first embocfiment The crystal 21 is provided for the same purpose as that of the crystal 9 in t»ie first entbodiment 
Therefore, the same as the crystal 9 in the f ii«t emtoodimem can be dtepcsed as the crystal 2 1 . The crystal 22 usee a 
sv^mmetrical reflection pbne in oidei- to prevent the image of an ob^d 1 torn being demagnilied. The other construction 
isthesameas^at of the first embotfinient Whwihigha-oidercBffraction is used, there may be a dement that an ir«er- 
tion space for the object 1 is ramwed since a diffraction angle becomes ^ge. 
20 Aocotrtfng to the present invention, three-dimensior^l obserwatioin based on X-ray pi^se contrast becomes possi- 
ble wfth a relatively simple system coreti uclion. AiSD. it possible to erstire a wide f idW of view eaaiy. flierdjy facili 
taling the appOcation to an object which is larger flian that to which the syslan uang an X-ray inteiferometer ts applied. 

Claims 

25 

1. A phase-contrast X-ray CT apparatus in which an object (1 ) is irradiated with X-mys from a pturaBty of different 
directions and a tomogram of the object is reconstructed fi-om an X-ray phase shift distrSxrtion flBiei*ated when the 
X-rays transmit through the object wherdn said phase shift cfistribution is d^ermined from the ^fetribution of 
refraction angles of X-rays transmitted through said otqect. 

30 

2. A phase-oontrast X-ray CT apparatus accondBng to Claim 1 . whei ein in oidei to examine the cfistraDution of refrac 
tion angles of X-ra^ trancnntted though said dJ^«:t (1). an X-ray beam transmitted thiough said ol^ect is sub- 
jected to diffraction b^f a crystal (11 ; 22) d^sed bi of said object, a plurality of cfffiaction images are acquired 
by a tw^Jimerelorral or oneKlimensiona! X ray sensor (6) while clwginfl the incidence angle of ^id X-ray bwm 

3ff onto said crystal, and said phase €*iifl distribution is determined by an operation from the plurafity of acquired dif- 
fraction images. 

3 A pl^ifieKXintfasl X-ray CT apparatus acoadbig to Claim 2. wheiein in aocpjiiing the diffraction images while 
changing the incidence angle of said X-ray beam onto ^ crystal (1 1 ; 22). an angulai" positiofli pioviding the nw- 

40 \mum X-ray intensity is determined at each pixel position of the bnage and a phase sfiift distribution image is 
acquiral from an ana«e in which said angular poation is aiTanged for each pixel. 

4 A phm^-ccnfiast Xnay CT apparatus comprising an X-ray source (7) far generating an X-ray bffiun (8), a fbsl a ys- 
tal (9 21) for generating a cBffiacted beam (10a) by iiradlation with aid X-ray beam, an object airangmg section 

45 provided in the direction of propagation of said cfiffracted beam, a second crystal (1 1 ; 22) for receiving a beam 
trenanitted through said object ai ranging section to extract only a component having a specified refraction angle, 
and a sensor (6) for detecting a beam extracted by ^id second crysial. 

5. A ph^e-oontrast X^ay CT apparatus accordmg to Cteim 4, further comprising a mechanfem (17) for rotating the 
so diffracted beam from said first crystal (9: 21 ) and said object arranging section relative to each other 

6. A ptefieK»ntrast X-iay CT apparatus according to Claim 4, further oofi^dng a mectoiien (12. 18. 19) for rrtat- 
hig smd second crystal (11 ; 22) with one pdnt (1 3) taken as a sMppoi ling point 
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A prrasfiHContrast x-ray CT apparatus according to Oaim 4. wherein saci second crystal (i 1 J includes a f tst crystal 
potion (1 1 a) ibf caidng the tfiffi-action of the beam transmitted through said obje<^ airangtng section and a seoond 
crystal portion (1 lb) for causing the diffraction of the diffracted b^un from said Irst crystal portion again. 
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